Bacterial 5 untranslated regions of mRNA (UTR) involve in a complex regulation of gene expression; however, the exact sequence features contributing to gene regulation are not yet fully understood. In this study, we report the design of a novel 5 UTR, dual UTR, utilising the transcriptional and translational characteristics of 5 UTRs in a single expression cassette. The dual UTR consists of two 5 UTRs, each separately leading to either increase in transcription or translation of the reporter, that are separated by a spacer region, enabling de novo translation initiation. We rationally create dual UTRs with a wide range of expression profiles and demonstrate the functionality of the novel design concept in Escherichia coli and in Pseudomonas putida using different promoter systems and coding sequences. Overall, we demonstrate the application potential of dual UTR design concept in various synthetic biology applications ranging from fine-tuning of gene expression to maximisation of protein production.
the result of synergistic effect of 5 UTRs with transcriptional and translational characteristics. 126 Next, the total cellular protein production was assessed by SDS-PAGE. β-lactamase could be visualised on the 127 gel in the soluble fraction of sonicated cell lysates from clones harbouring constructs with the wtn47 and r31n47 Phenotypic quantification with a red fluorescent protein 132 The Tn-UTR variants used in the dual UTR constructs were identified using the bla gene; therefore we were 133 interested in testing to what extent the observed increased reporter gene expression was coding sequence (CDS) 134 4/25 specific. To assess the potential context dependency, the β-lactamase CDS was substituted with mCherry CDS, 135 encoding for a red fluorescent protein, in wtwt, r31wt, wtn47 and r31n47 dual UTR constructs and mCherry transcript 136 levels, fluorescent intensities and total proteins were quantified. Here we also calculated the translation efficiencies 137 resulting from the four dual UTR constructs and the ratios were: 1, 0.5, 1.2, and 1.4 for the wtwt, r31wt, wtn47 and 138 r31n47 dual UTR constructs, respectively. The phenotypic quantification with mCherry also indicate that r31 leads to 139 increase in reporter transcription, whereas the n47 leads increase in reporter translation (Figure 5a ). Correspondingly, 140 the mCherry protein could also be easily visualised on an SDS-PAGE, both in the soluble and insoluble fraction, 141 particularly from the r31n47 dual UTR construct (Figure 5b) . These results indicate that the observed increase 142 in expression was not CDS-specific. This finding indicates the suitability of the novel 5 UTR design concept for 143 applications aiming for high levels of expression for instance heterologous protein production in bacteria.
144
In silico design of Tn-UTRs 145 The results reported so far indicate that a combination of 5 UTRs in a dual UTR can lead to strong gene and protein 146 expression, at least for the two tested selection marker and reporter protein, bla and mCherry in E. coli, respectively.
147
However, context dependency between 5 UTR sequences and CDS cannot be excluded if more genes are to be 148 tested 27 . Therefore we applied a widely used in silico tool, the RBS calculator 24 , in designing Tn-UTRs that are 149 specifically designed for the gene of interest to achieve high translation initiation rates (TIR, SOM Table S2 ). In 150 the design, the bla and mCherry genes were used as reporters, and E. coli was chosen as the host. In total, six 151 such designed Tn-UTRs were synthesised: three for the β-lactamase and three for the mCherry CDSs (named as 152 dTn-UTRs). The predicted TIR values were 60-to 80-fold higher compared to n47-bla, and 50-to 70-fold higher 153 compared to n47-mCherry (SOM Table S3 ). All six dTn-UTRs were cloned into the dual UTR either with the 154 wt or the r31 at the Tr-position ( Figure 6 ). The phenotypic characterisations revealed that all three dTn-UTRs 155 with the bla gene led to a similar increase in expression levels achieved with the n47 combination ( Figure 6a ).
156
Similar observations were also made for the construct with the mCherry gene: Tr-UTR r31 in combination with 157 the dTn-UTRs led to 9-(dTn4) and 46-fold (dTn5 and dTn6) relative increase vs. 58-fold with the Tn-UTR n47 158 ( Figure 6b ). These findings indicate that designed 5 UTRs can also be used in the dual UTR context, and even 159 higher expression levels, beyond the predicted levels, can be achieved by the combination of designed Tn-UTRs 160 with Tr-UTRs.
161

Functionality assessment in an alternative host 162
The broad-host range mini-RK2 replicon and the expression system XylS/Pm are both known to function in many 163 Gram-negative bacteria 31 including Psuedomonas species. The emerging SynBio chasis, P. putida 28 , has the same 164 anti-SD sequence within its 16S rRNA as E. coli. We therefore sought to assess the functionality of the dual UTR 165 concept in P. putida strain KT2440. The dual UTR constructs wtwt, r31wt, wtn47and r31n47 with the mCherry 166 CDS were transferred to P. putida and the mCherry fluorescent intensities were quantified (Figure 7 ). The strong 167 synergistic effect seen with dual UTR constructs in E. coli was also observed in P. putida. The relative expression 168 levels reached among the dual UTR constructs were weaker in P. putida than the observed relative expression levels 169 in E. coli. The reason for the relative weakness appeared to be due to the reference construct, wtwt, leading to 170 5/25 expression of mCherry at much higher levels in P. putida than in E. coli as judged by the stronger bands visualised 171 on the SDS-PAGE gel (Figure 7b ). The results obtained in P. putida indicates that the functionality of the dual UTR 172 concept is not only limited to E. coli; hence in principle it can be used in a wide range of bacterial hosts. Functionality assessment with an alternative promoter system 185 Observing that the dual UTR was functional with another coding sequence, in another host, and the correct 186 positioning of the 5 UTRs was necessary for the observed synergistic effect, we questioned whether the observed 187 increase in gene and protein expression with dual UTRs was due to an emergent property of the Pm promoter.
188
For this functionality assessment, we chose to substitute the XylS/Pm with the AraC/P BAD system in dual UTR reached when we used the P BAD promoter in combination with dual UTRs, both for the TrTn and TnTr combinations.
194
The dual UTR constructs, however, led to much higher background expression from the P BAD promoter in the 195 absence of induction as compared to the expression levels achieved with the Pm promoter.
196
Transcript stability and translational arrest 197
It has been reported that high translation rate (high ribosome occupancy) occurring on mRNA leads to protection 198 of the mRNA against nucleotide degradation [14] [15] [16] [17] . Given the high reporter transcript levels observed with the dual 199 UTR constructs, we sought to determine the decay rates of the reporter transcripts originating from the dual UTR stability of the reporter transcript resulting from the dual UTRs appear to be correlated with the levels of protein 207 expression for the wtn47 and r31n47 dual UTR constructs. While the observed lower stability for the reporter 208 transcript from the r31wt does not correlate with the measured mCherry fluorescence intensities.
209
Next, we performed an translational arrest experiment by the addition of chloramphenicol to the growth medium 210 that leads to peptidyl transferase inhibition of bacterial ribosome, hence hinders amino acid chain elongation. For experiments we speculate that the reporter transcript accumulations in dual UTR are not dependent on the translation 232 events. This points to an important finding that reporter transcripts can be generated, by an unknown mechanism, 233 that is not as a consequence of protection due to high ribosome occupancy. Further research directions will be on the 234 study of single gene expression events by labelled RNA polymerase, and ribosome profiling to understand the role 235 and influence of 5 UTRs in transcript accumulation, especially in relation to ribosome occupancy.
236
In synthetic biology applications 5 UTRs are utilised due to their involvement in translational regulation only.
237
Therefore the functional role of 5 UTRs in transcriptional regulation has not been realised in the modular design of 238 biological circuitry. In the biological circuitry design different levels of gene expression is achieved either by the 239 use of native promoters, or variants thereof with different strength; or by the use of limited number of regulated 240 promoters via differential induction levels. The use of plasmids with different copy-number has also been used as an 241 another way of obtaining varied gene expression. Based on the experimental evidences reported in this study, we 242 7/25 envision that the dual UTR concept can also be used as a way to achieve transcriptional regulation in biological 243 circuitry design. This is especially relevant for studies using (unconventional) host microorganisms for which there 244 is a limited number of characterised promoters exist.
245
The dual UTR design concept is also suitable for applications where the introduction of expression cassettes from 246 plasmid-based systems (multiple copies) to chromosomes (single copy) suffers from the reduction in gene dosage.
247
Hence dual UTRs can be used, even in combination with strong promoters, to achieve maximum transcription rates 248 from a single expression cassette.
249
To conclude, a 5 UTR involves in complex regulations both at the level of DNA and mRNA. The combination of High-Fidelity DNA Polymerase (NEB). E. coli clones were transformed using a modified RbCl protocol (Promega) 272 and P. putida KT2440 was transformed using an electroporation protocol described by Hanahan and colleagues 34 .
273
The constructed plasmids were confirmed by sequencing performed at Eurofins/GATC Biotech using primer 5 -AAC 274 GGCCTGCTCCATGACAA-3 for pAO-Tr-, pIB11-18 , pdualUTR-; and primers 5 -CTTTCACCAGCGTTTCTGG 275 GTG-3 and 5 -CAAGGATCTTACCGCTGTTG-3 for pAO-Tn-based constructs. 
303
For the construction of all dualUTR combinations annealed synthetic oligonucleotides flanked by PciI and SacI 304 (Tr-dual UTR) and SacI and NdeI (Tn-dual UTR) sticky ends were inserted into pdualUTR or pdualUTR-mCherry 305 using the respective restriction enzyme recognition sites.
306
For the construction of the P BAD system, the P BAD expression cassette was PCR amplified from pSB-B1b 36 307 using primer pairs 5 -ATGGAGAAACAGTAGAGAGTTG-3 and 5 -TACATGGCTCTGCTGTAG-3 . Each of 308 the five pdualUTR-mCherry vectors were PCR amplified using the reverse primer 5 -CTCCCGTATCGTAGTT overlapping ends were assembled using in vivo homologous recombination method in E. coli strain DH5α, leading 315 to pdualUTR-PBAD-mCherry (SOM pdualUTR-PBAD-mCherry.gb). The correct constructs were confirmed by 316 sequencing using the reverse primer binding to the mCherry coding sequence, 5 -GATGTCAGCCGGGTGTTTAA 317 C-3 .
Figure 2.
Nucleotide sequence composition and the phenotype of E. coli clones harbouring plasmids with different Tr-and Tn-UTRs. 5 UTR DNA variants were identified by screening pAO-Tr-and pAO-Tn-based 5 UTR libraries for increased ampicillin resistance. The 5 UTR variants r31, r36, r50 are identified from the Tr-UTR library (a); while n24, n44, n47, n58 from the Tn-UTR library (b). The 5 UTR variant LV-2 serves as an internal control that was previously shown to be leading to increase in transcription of the reporter 18 . Identical nucleotides are indicated by dots and point mutations are indicated with letters. Nucleotides that are not mutagenised are typed in capital letters including the PciI (ACATGT) and NdeI (CATATG) recognition sequences. The putative SD sequence (ggag)
is highlighted in boldface. The ATG start codon (part of the NdeI site) is underlined. The ampicillin resistance phenotypes of the E. coli clones harbouring Tr-or Tn-UTR DNA sequences were characterised at the induced state with 0.1 mM m-toluic acid (c). This low concentration was used to make sure that resistance levels were in a range allowing us to distinguish moderate phenotypic differences among the clones. Results are presented as averages of the highest ampicillin concentrations at which growth was observed. Error bars point to the next tested ampicillin concentration at which no growth was observed. (a) The schematic view of the experimental set-up. E. coli clones with different dual UTR constructs were inoculated to a fresh medium and were grown for 2 hours. Afterwards it was either followed by induction of expression only with 2 mM m-toluic acid (I) or by the addition of chloramphenicol to a final concentration of 100 µg/mL and followed by induction of expression with 2 mM m-toluic acid (CI). The quantified relative mCherry transcript amounts and mCherry fluorescent intensities were depicted in panel b. Fluorescence intensities were determined directly from the cultures and normalised with OD 600 values. Values for the wtwt dual UTR construct at the condition I were arbitrarily set to 1.0. Error bars indicate the standard deviations calculated from three replicates.
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